conjugates with varying degrees of substitution were then carefully characterized by 1 H NMR 1 spectroscopy to precisely control the peptide density into the hydrogels crosslinked with PEG-2 (SH) 2 . Pre-osteoblast seeded on the hydrogels with controlled identical stiffness spread in a 3 manner that was strongly dependent on ligand density. Surprisingly, increasing the density of the 4 adhesive peptide anchors did not result in a plateau of initial cell spreading but rather in a bell-5 shaped cell response which varies with the nature of both polysaccharide backbone and 6 functional peptide. Placing the cells under optimal conditions for cell/hydrogel interaction, we 7 showed that in HA hydrogels, the polysaccharide moiety is not solely a passive scaffold that 8 presents the active peptides but is an active player in cell microenvironment to control and sustain 9 cell activity. 10 11 12 13
INTRODUCTION 14
Bio-instructive, -specific, and -responsive hydrogels mimicking the extracellular matrix (ECM) 15 environment have emerged out of the traditional landscape of inert biomaterials. 1-3 They are often 16 made of natural polysaccharides that act as scaffold for cellular guidance and wound healing 17 while they may also be subjected to biodegradation and can be replaced by bona fide extracellular 18 matrix over time. In addition, their biophysical properties such as compliance can be easily tuned 19 to match the physiological cellular environment and have been of broad use such as in vitro 20 culture and maintenance of stem cells, or direct stem cell specification. [4] [5] Indeed, changes in 21 tissue and organ stiffness are frequently symptoms of diseases such as cancer. 6 because they have shown promise for use in orthopedic tissue engineering applications by 1 improving the adhesion and function of a number of osteoblastic cell lines. [30] [31] While several HA-2 based hydrogels with tunable stiffness and RGD-ligand density have been reported in the 3 literature, [32] [33] [34] [35] [36] the potential regulatory role of presentation of adhesion peptides in terms of 4 polysaccharide backbone, type and density on 2D cell culture has never been examined in detail. 5 Herein, we demonstrated ability to form HA-based gels that either permit or inhibit cell spreading 6 according to the ligand density at fixed stiffness. Moreover, by comparing cell responses to HA-7 based gels with those to CMC-gels, at optimal peptide density allowing to support efficient 8 spreading of pre-osteoblasts, HA-peptide hydrogels versus CMC peptide hydrogels allowed a 9 better differentiation of pre-osteoblasts into osteoblasts (using increased mineralization 10 capabilities as a read-out). Therefore in addition to peptide-induced integrin signaling, the HA 11 backbone triggers an additional signal that was required for differentiation. ultrapure water for a final purification by diafiltration (ultramembraneAmicon YM10) with 10 ultrapure water. The purified product was recovered by freeze-drying and characterized by 1 H 11 NMR spectroscopy. The degree of substitution was determined to be 0.20 ± 0.02.
12
Synthesis of HA-peptide and CMC-peptide conjugates.
13
Pentenoate-modified HA or CMC (0.100 g) was dissolved in ultrapure water (10 mL). 50 µL of 14 an aqueous solution of Irgacure 2959 (10 mg/mL) was then added to the polysaccharide solution 15 to obtain a final photoiniator concentration of 5 % (w/v), followed by thepeptide containing a 16 thiol function. The amount of the peptide was adapted to the desired degree of substitution (see 17 Table 1 ). The mixture was exposed to light with a UV intensity of 20 mW/cm 2 for 5 min under 18 stirring. The product was purified by diafiltration (ultramembraneAmicon YM10) with ultrapure 19 water and was recovered by freeze-drying. The degree of substitution of the polysaccharide-20 peptide conjugates was determined by 1 H NMR.
21

NMR spectroscopy 22
The 1 H and 13 C NMR spectra of the polysaccharide derivatives dissolved in deuterium oxide 1 were performed at 25 or 80 °C (depending of the viscosity of the solution) using a Bruker 2 AVANCE III HD spectrometer operating at 400 MHz ( 1 H) and at 100 MHz ( 13 C). All 1 H NMR 3 spectra were recorded by applying a 45° tip angle for the excitation pulse, and a 10 s recycle 4 delay for accurate integration of the proton signals. The 13 C NMR spectra were recorded by 5 applying a 45° tip angle for the excitation pulse, and a 3 s recycle delay. All 2D experiments were 6 acquired using 2K data points and 256 time increments. Chemical shifts are given relative to 7 external tetramethylsilane (TMS = 0 ppm) and calibration was performed using the signal of the They were carried out at 25 °C, with a film of silicone to avoid solvent evaporation. All the 20 dynamic rheological data were checked as a function of strain amplitude to ensure that the 21 measurements were performed in the linear viscoelastic region. In the oscillatory time sweep 22 experiments, the storage modulus (G') and loss modulus (G'') were measured during a period of 25-30 min at a fixed frequency of 1 Hz and a fixed deformation of 3.5 %. Typically, after 1 deposition of the solution of the mixture of polymers in PBS between the plates and equilibration 2 for 1 min, the solution was illuminated ( = 365 nm) for 25-30 min at a fixed light power (20 3 mW/cm 2 ) leading to gelation. All measurements were done in triplicate. The photoinduced 4 crosslinking reaction was performed by adjusting the PEG-(SH) 2 amount with respect to HA and 5 CMC to obtain hydrogels having a similar elastic modulus (G') of 15000 1500 Pa.The 6 thiol:CMC molar ratio used for gel formation was approximately two-times lower than the 7 thiol:HA molar ratio as the repeating unit of CMC is a monosaccharide whereas that of HA is a 8 disaccharide (see next section).
9
Hydrogel immobilization 10 For the cell culture experiments, hydrogels were covalently linked to the coverslips during photo-11 crosslinking reactions by grafting pentenoate-modified HA or CMC on the coverslip prior to use.
12
The coverslip was modified with APTS as previously described. 37 The modified slip with -NH 2 13 groups was immersed in 2 mL of a solution of pentenoate-modified HA or CMC (3 mg/mL in 0. 20 Figure 2A shows that the HA hydrogellacking peptides was able to sustain some but limited cell peptides. A marked difference in cell spreading efficiency could be observed for the two peptides 1 with hydrogels based on CMC hydrogels (Figures2A and 2B) ; Thebsp-RGD-endowed gels 2 sustained cell spreading in a more effective way. Surprisingly, for all hydrogels bell shaped 3 adhesion curves were obtained depending on peptide densities, and optimalpeptide concentration 4 varied according to the polysaccharide backbone used andthepeptide sequence. For instance, 5 optimal GRGD peptide density was higher than the bsp-RGD one to induce the same degree of 6 spreading ( Figure 2B ). Since the control GRGES or bsp-RGE peptides promote little or 7 nosignificant spreading when incorporated on HA and CMC, respectively,similarly to non grafted 8 gels ( Figure 2B ), one can conclude that the observed pre-osteoblast responses are 9 mostlydependent on the grafted peptide and likely due to integrin surface receptors. identified, one can however notethat the optimal concentration required for maximum spreading 18 on the bsp-RGD endowed HA-and CMC hydrogels is 4.5 fold the limit literature value.
19
All together, these results highlight that by exploiting the design flexibility of the characteristics 20 offered by these biomimetic hydrogels, it may be possible to selectively engineer their biological 21
properties. The gels based on HA-11RGD and on HA-4bsp-RGDappeared to bethe most efficient 22 substrates for promoting cell spreadingafter one night (marked in yellow in Figure 2B ). The
23
CMC-based substrates were found to be effective in promoting cell spreading only if they contained bsp-RGD ligands. Since the optimal cell/substrate interaction depends not only on both 1 the nature of the peptide used for functionalization and its surface concentration, but also on the 2 polysaccharide backbone, these experimental conditions must clearly be determined when 3 comparing the biological properties of hydrogels. both RGD and bsp-RGD triggered a high proliferation rate, and that RGD-grafted HA gels 10 allowed a better cell proliferation rate that the CMC counterpart.Analysis of matrix 11 mineralization in long term culture (a read-out of osteogenic differentiation) was carried out with 12 hydrogels that support optimized cell spreading, namely gel substrates based on HA-11RGD,
13
HA-4bsp-RGD and CMC-4bsp-RGD for 21 days. Observing surface-bound pre-osteoblasts 14 during this period, it was found that cells not bound to surfaces died after a few days, the others 15 were proliferating and formed a monolayer before stopping dividingand initializing 16 differentiation.
17
At different time points ECM mineralization was examined on representative cell cultures by 18 staining calcium deposition using Alizarin Red S (Figure 4 ). Significantly more mineral 19 deposition (red to dark brown staining depending on the amount of calcium) on the gel surfaces 20 was detected for HA-based gels after 10 and 21 days (Figure 4 ). This was confirmed by a 21 statistically analysis of 10 distinct fields for quantification of the areas of positively stained 22 deposits ( Figure 5 ). Significantly larger areas of mineral deposits on HA-based gels compared to 23 the CMC-based hydrogel were observed after 10 and 21 days although mineralization nodules 24 relationships such as the effects of presentation of adhesion peptides in terms of type and density, 1 nature of polysaccharide backboneused for gel formation and crosslink density leading to optimal 2 cell response, before drawing conclusions on the biocompatibility of a specific hydrogel. 3 We also demonstrated that for pre-osteoblasts of which adhesion to fibronectin is mediated by 4 significant interactions with both the α 5 β 1 and α v integrins, 44 hyaluronic acid synergizes with 5 integrin occupancy not only to promote cell spreading under short term culture, but also 6 osteoblast differentiation and mineralization under long term culture. This specific cell response 7 to RGD-endowed HA gels suggests that there is an interplay between HA receptors and RGD-8 specific integrins(i.e. 5  1 and  v  3 ). 24 Although several investigators havepreviously reported on 9 the development of HA-based hydrogelswith tunable stiffness and ligand density, 32-36 the likely 10 involvement of HA receptors namely CD44 and RHAMM along with RGD-binding integrins has 11 only recently been reported. 24, 45 Our work clearly shows that in HA hydrogels, the polysaccharide 12 moiety is not solely a passive scaffold that presents the active peptides but is an active player in 13 cell microenvironment to control and sustain cell activity. The strategy for the synthesis of bioactive polysaccharide hydrogels described in this work 22 represents a versatile platformto evaluate the effect of peptides, their density and 23 thepolysaccharide matrix on cellular adhesion and function with minimal contribution from non-1 specific interactions. Using these substrates, the residuesflanking the RGD sequence in peptides 2 was shown to significantly influence the spreading and long-term function of pre-osteoblast cells.
3 Future studies will focus on engineering gels with controlled porosity to promote cell infiltration 4 into gels as a bioactive scaffold for osteogenesis. In addition, naturally-derived hydrogels with 5 controlled biological interactions conferred by tissue-specific ligands may be applied to the 6 engineering of a variety of other tissue types. 
